). In addition, export of Gag from the nucleus was found to be a rate-limiting step in virus-like particle production. Consistent with a role for the NES sequence in viral replication, this cluster of hydrophobic residues in p10 is conserved across a wide range of avian retroviruses. Furthermore, naturally occurring substitutions within this region in related viruses maintained nuclear export activity and remained sensitive to the activity of LMB. Using gain-of-function approaches, we found that the hydrophobic motif in p10 was sufficient to promote the nuclear export of a heterologous protein and was positionally independent within the Gag polyprotein. Finally, the export pathway was further defined by the ability of specific nucleoporin inhibitors to prevent the egress of Gag from the nucleus, thereby identifying additional cellular mediators of RSV replication.
The Gag polyprotein coordinates the assembly of retroviral particles by serving as the precursor to the structural components of the virion, by selecting the RNA genome for encapsidation into the assembling particle, and, for some retroviruses, by directing the incorporation of the envelope glycoproteins. Gag proteins of Rous sarcoma virus (RSV) are initially synthesized on cytosolic ribosomes and then traffic through the cell nucleus (49) . Within the cytoplasm, retroviral assembly intermediates can be isolated that are comprised of Gag protein multimers upon an RNA scaffold (31, 37, 50, 55) . These Gag-RNA complexes are then targeted specifically to the plasma membrane, which serves as the site for higher-order virus assembly. Approximately 1,500 Gag proteins associate at the plasma membrane, where they can be seen as electrondense aggregates driving the formation of a spherical bud. Following release, the immature virion is processed by the viral protease, cleaving the RSV Gag protein into the structural proteins matrix (MA), capsid, and nucleocapsid (NC), the enzyme protease (PR), and the peptides p2a, p2b, p10, and SP.
Coordination of retroviral assembly is directed by three functional domains within the Gag polyprotein: the membrane-binding domain mediates the selective targeting to and stable binding of the plasma membrane, the interaction domains facilitate multimerization of Gag proteins and RNA binding, and the late domain recruits host cell machinery to separate the emerging virion from the membrane (44) . However, the precise compartment within the cell where each step of the assembly process occurs remains unclear. Moreover, the specific subcellular targeting signals within Gag have been only partially defined. For example, although several nuclear localization signals (NLSs) have been identified within Gag polyproteins, their roles in retroviral replication are uncertain. NLSs have been identified in the Gag proteins of the Schizosaccharomyces pombe Tf1 element (10) and the HeT-A and TART retrotransposons of Drosophila (48) . Certain Gag proteins localize partially to the nucleus under steady-state conditions, including the Gag proteins of the human and equine foamy viruses (30, 62) and Moloney murine leukemia virus (38) , although an NLS has not been identified within the Moloney murine leukemia virus Gag protein. Although controversial, nuclear import signals have been found in the MA region of the human immunodeficiency virus type 1 (HIV-1) Gag polyprotein (3) , which might function during early steps of infection (14, 19, 20, 22) .
The RSV Gag protein undergoes nuclear trafficking during viral assembly, and we are interested in defining the viral and cellular determinants of nuclear transport. We identified a noncanonical NLS within the MA domain, which is not comprised of a concise basic motif; rather, the N-terminal 88 amino acids are sufficient for nuclear accumulation (49) . Nuclear localization is transient, since the Gag protein localizes exclusively to the cytoplasm under steady-state conditions. Trafficking of Gag through the nucleus is inhibited by treatment of cells with leptomycin B (LMB), a specific inhibitor of the Crm1 nuclear export pathway. Drug treatment results in retention of Gag proteins within the nucleus and consequently a significant decrease in the release of virus-like particles (VLPs), suggesting the importance of the nuclear transport step for productive retroviral replication (49) .
Crm1 is a member of the importin-␤ superfamily of soluble nuclear transport receptors, and it mediates nuclear export through the recognition of hydrophobic nuclear export signals (NESs) within protein cargoes. Although these signals are often comprised of several closely spaced leucine residues, other hydrophobic amino acids, such as methionine, isoleucine, valine, phenylalanine and tryptophan may substitute for leucine in the recognition motif (reviewed in (21, 23, 32) . Examination of the RSV Gag protein sequence for leucine-rich regions suggested the presence of a potential NES within the p10 region. Gag proteins containing a large deletion that included this sequence mimicked the phenotype of Gag proteins treated with LMB and accumulated in the nucleus (49) .
The function of the p10 domain in RSV replication remains poorly defined. The sequence is enriched in proline residues and is likely a major structural determinant for the polyprotein. This structural role is reflected in the ability of the last 25 amino acids of the p10 domain to affect the morphology of VLPs assembled in vitro. Gag proteins containing deletions of p10 assemble into tubular structures in vitro (5); however, when the last 25 amino acids of the p10 domain are restored, the particles assume a spherical shape and a density resembling those of authentic RSV virions (24) . In addition, p10 appears to be an important determinant of infectivity; virus particles bearing temperature-sensitive mutations in the p10 sequence are processed and assembled normally, but fail to establish infection at nonpermissive temperatures (15) . Whether the effects of p10 mutations reflect solely a structural alteration that is manifested during the late stages of particle assembly or a more fundamental interruption of an early step in infection remains to be determined. Because we identified the C-terminal region of p10 as crucial for nuclear export of the Gag protein, we sought to identify the specific residues within p10 that are required for nucleus-cytosol exchange. Further characterization of the NES will allow a more detailed analysis of the role of the p10 domain in the RSV replication cycle. CCAC); V225I, L229V, or L229V (mutation of ScaI site, BamHI) (CTTGGCA AGGRTCCGGGAGGAGGTTGCGAGCACTGGTCCGC); W222L,V225L (BssHII) (GCCCTGACTGACTTGGCGCGCCTCAGGGAGGAGCTTGCG); V225L (BssHII) (CTGACTGACTGGGCGCGCAGGGAGGAGCTTGCG); and V225I (BssHII) (CTGACTGACTGGGCGCGCATCAGGGAGGAGCTT GCG). Plasmids MA.NES.Gag-GFP and MA.NES/L219A.Gag.GFP were constructed using PCR with primers Pare285 5Ј-(CGTTTAAGCGAACTAGTAG CTCCTGGGCCGGCCCT) and Pare286 5Ј-(CGTTTAAGCTACTAGTGCCG GACCAGTACTCGCAAGCTC), followed by insertion of the DNA products into p⌬MA6.Gag-GFP (39) , which was digested with SpeI and treated with calf intestinal alkaline phosphatase (Promega). The pW222A.MA/L219A.Gag-GFP plasmid was constructed using QuickChange mutagenesis and the W222A oligonucleotide listed above. pFibrillarin-GFP was a kind gift from Mark Olson (University of Mississippi Medical Center) (13) . The p10 NES motif (amino acids 219 to 234) was inserted between fibrillarin and GFP using PCR amplification of pGag-GFP with these primers: 5Ј-TGG CTA CCG GGT ACC CTG ACT GAC TGG GCA AGG and 5Ј-ACG GTA CGC GGA TCC AGG AGT ACT CGC AAG CTC CTC. The Fibrillarin.L219A-GFP variant was made using PCR amplification of pL219A.Gag-GFP with the same antisense primer and the following sense primer: 5Ј-TGG CTA CCG GGT GCG ACT GAC TGG GCA AGG GTC. PCR products were subcloned into pFibrillarin.GFP using Asp718I and BamHI.
Plasmids NP214-DsRed, NP98-DsRed, and NP214-DsRed were created by PCR amplification of codons 1864 to 2090 of Nup214, codons 2 to 494 of Nup98, and codons 894 to 1475 of Nup153 from plasmids ⌬CAN (kindly provided by Tom Hope, University of Illinois at Chicago), NP98, and HA-NP153 (63) (kindly provided by Barbara Felber, National Cancer Institute, Frederick, Md.). PCR was used to introduce a Kozak consensus sequence and the tripeptide MAS (63) before each nucleosporin coding sequence, and amplified products were introduced into the pDsRed.N1vector (Clontech) between the XhoI and SstII sites. All mutations were confirmed using automated DNA sequencing.
Cell lines and confocal microscopy. All experiments were carried out in the chemically transformed quail fibroblast line QT6, maintained as previously described (7, 35) . Plasmid DNA was introduced by transient transfection using the calcium phosphate method, and subcellular localization of GFP fusion proteins was examined 16 to 24 h later by washing cells in Tris-buffered saline and viewing cells using either a Zeiss laser-scanning microscope (LSM10) or an inverted Leica TCS SP2 AOBS microscope at an excitation wavelength of 488 nm. Coexpression of DsRed constructs was performed by transfecting equal amounts (1 g each) of DNA, followed by imaging with both argon (488 nm) and He-Ne lasers (643 nm).
Virus-like particle assembly and pulse-chase analysis. Radioimmunoprecipitation assays were performed as described previously (46, 59) with polyclonal antisera against RSV (7, 45) . Budding efficiency was determined by PhosphorImager analysis (Molecular Dynamics), quantitating the amount of either wildtype or mutant Gag-GFP or Gag⌬PR in the medium divided by the total amount of expressed protein in the cell lysate and culture medium. Wild-type values for each construct were normalized to 100% release, and P values were determined using a Student's t test. Pulse-chase analysis was performed by labeling cells for 15 min with [ 35 S]methionine and cysteine Ͼ1,000 Ci/mmol; NEN), washing extensively in cold medium, and lysing cells every 15 min thereafter for 2.5 h. The percent release was calculated by dividing the amount of protein in the medium at each time point by the amount of protein synthesized (lysate plus medium) at the initial time point.
Retroviral sequence analysis. Accession numbers of published avian retroviral sequences obtained from GenBank were as follows: NC_001407, AAQ55054, AAA46299, A48613, TVFVMI, P03323, P06444, CAA68260, P06936, P06937, AAA42377, P03326, and CAC28508. Sequence alignment was performed based upon progressive pairwise alignments using MultAlin software (6) .
RESULTS
Following synthesis in the cytoplasm, the Gag polyprotein of RSV undergoes transient nuclear localization. Export of Gag from the nucleus depends upon the Crm1 export pathway, since treatment of Gag-expressing cells with LMB significantly reduces the production of VLPs and leads to an accumulation of Gag proteins in the nucleus (49) . However, LMB is not an ideal tool for studying the role of Gag nuclear trafficking in the viral life cycle, because cellular toxicity limits the duration of drug treatment. Thus, the role of Gag nuclear transport in virus replication may be better studied either by disruption of the nuclear targeting signals within Gag or by inhibition of other cellular nuclear transport pathways. We have therefore set out to more precisely define the NES in Gag and to elucidate additional host cell factors that are involved in the nuclear export of Gag.
Definition of the hydrophobic residues comprising the p10 NES. We previously identified a complex NLS in the first 88 residues of MA, and this sequence is sufficient to direct the import of the heterologous reporter protein GFP into the nucleus. As well, we determined that the NES of Gag appears to reside within the p10 domain, since deletions within the second half of the p10 sequence prevent the efficient export of Gag from the nucleus (⌬p10.31 and ⌬p10.52) (49). However, it remained possible that these large deletions might reflect structural alterations within the Gag protein that prevent the association of an authentic NES elsewhere in Gag with host cell export machinery. To define the individual residues involved in the export of Gag from the nucleus, hydrophobic amino acids within p10 were replaced by alanine residues in the context of the Gag-GFP protein (Fig. 1) . We predicted that hydrophobic residues in the first half of p10 would be dispensable for nuclear export, since a deletion encompassing the beginning of the p10 domain did not interfere with Gag localization (49) . To test this idea, three codons within this upstream region (Leu180, Leu184, and Val187) were changed to encode alanine residues. The triple mutation (L180A L184A V187A) did not prevent Gag nucleocytoplasmic trafficking, and the protein was localized throughout the cytoplasm and at the plasma membrane ( Fig. 2A and B) .
We next focused on the downstream hydrophobic cluster in p10 and changed each hydrophobic residue individually to alanine. Mutations in codons at position 219 or 229 (Leu), 222 (Trp), or 225 (Val) led to a dramatic redistribution of the Gag polyprotein into the nucleus ( Fig. 2C to J). Each of the four individual mutations prevented the export of Gag from the nucleus, thereby mimicking the phenotype of Gag proteins containing internal p10 deletions, ⌬p10.31.Gag-GFP and ⌬p10.52.Gag-GFP (49) . Western blot analysis revealed that each of the hydrophobic residue-to-alanine substitution mutants was expressed at levels equivalent to that of the wild-type Gag protein, indicating that the proteins were not unstable (data not shown). These single-amino-acid substitutions, in contrast to the large deletion mutants, likely represent a direct crippling of the NES, because the changes specifically target hydrophobic residues that comprise the putative Crm1-dependent NES. This assertion is further supported by the small
FIG. 1. Mutants of the RSV Gag polyprotein. The wild-type Gag protein, Pr76
gag , is depicted at the top, with the protease-deleted protein (Gag.⌬PR) shown below. Gag-GFP has the gene encoding GFP substituted for the last seven codons of NC and all of the PR sequence (26) . The potential NES sequence encompassing residues 219 through 229 of the p10 region is highlighted. Substitution L219A, W222A, V225A, and L229A mutants are depicted below the wild-type sequence. CA, capsid. proportion of cells in which the Gag-GFP proteins were visualized at the plasma membrane (as seen clearly in Fig. 2F ), indicating that any proteins that can escape from or bypass the nucleus adopt a conformation similar enough to the native fold that they are competent for plasma membrane targeting. Alanine substitutions in the p10 NES inhibit VLP release. Treatment of Gag-expressing cells with LMB not only sequesters Gag proteins within the nucleus but consequently results in a significant reduction in the amount of VLPs released (49) . However, the LMB experiments are limited by the toxicity of the drug in cultured cells. To determine whether deletion or mutation of the Gag NES coding sequence would have an effect on VLP release similar to that of LMB treatment, wildtype or mutant Gag proteins were expressed in QT6 cells and radioimmunoprecipitated from cell lysates and media using a polyclonal anti-RSV antibody (45) . The amount of Gag protein released into the medium relative to the total intracellular and extracellular Gag protein was expressed as a percentage of wild type, which was normalized to 100%. Budding assays were performed using the Gag-GFP constructs to allow correlation with confocal microscopy data and also with the Gag.⌬PR derivatives to eliminate any potential effects of the GFP sequence on particle release (Fig. 3) . Expression of Gag-GFP and Gag.⌬PR resulted in release of 24.6% Ϯ 11.7% and 29.2% Ϯ 7.2%, respectively, of the synthesized protein into the medium over a 2.5-h labeling period. Mutant ⌬QM1 (26), which has a deletion encompassing the end of p2 and the beginning of p10 (Fig. 1, residues 176 to 200) , displayed modestly reduced VLP release in the context of Gag-GFP (64.8% Ϯ 16.3% of wild types); in contrast, budding efficiency was somewhat enhanced in the context of the Gag.⌬PR protein (121.2% Ϯ 26.5% of WT). However, neither value is statistically significant compared to wild-type particle production (P ϭ 0.0971 and 0.4681, respectively). This discrepancy might reflect the ability of the mutant protein to assume different conformations in the two contexts. In contrast, deletions that include the NES in p10 produced a significant decrease in the production of VLPs in the context of both Gag-GFP and Gag.⌬PR (P Ͻ 0.0001 for ⌬p10.31.Gag-GFP; P Ͻ 0.0090 for ⌬p10.31.Gag.⌬PR; P ϭ 0.0028 for ⌬p10.52.Gag-GFP; and P ϭ 0.0052 for ⌬p10.52.Gag.⌬PR). Thus, the budding defect in each case is consistent with the localization of the mutant Gag-GFP protein to the nucleus. The assembly block for the p10 NES deletion mutants was more substantial than we previously observed with LMB treatment of Gag-GFP-expressing cells (e.g., compare the relative particle release of 27.5% Ϯ 3.0% for ⌬p10.31.Gag-GFP and 33.5% Ϯ 10.1% for ⌬p10.52.Gag-GFP to the relative release of 50.8% Ϯ 5.9% for LMB treatment [49] ). Similarly, substitution of alanine for each hydrophobic residue in the NES produced a significant decrease in particle production (ranging from 18.9% to 27.7%, with P values ranging from Ͻ0.0001 to 0.0037 for Gag-GFP constructs), indicating that alteration of each critical residue individually has an effect of the same magnitude as deletion of the entire NES.
Kinetics of VLP release for NES mutant Gag proteins. Despite the marked reduction in VLP release, Gag proteins containing NES mutations were still capable of budding, suggesting either (i) the block to nuclear export is incomplete, (ii) Gag proteins can escape the nucleus through a non-Crm1-mediated pathway, or (iii) a population of Gag proteins bypasses the nuclear compartment, traveling instead directly to the plasma membrane following synthesis. To distinguish among these possibilities, we studied the kinetics of particle release for the NES mutants using pulse-chase analysis. We reasoned that if NES-mutant Gag proteins bypassed the nucleus or utilized a non-Crm1-dependent export pathway, they would be released from the cell with wild-type kinetics; in contrast, any Gag proteins that transit through the nucleus but exit slowly (still using the crippled p10 NES) would display a severe reduction in the rate of VLP release as nuclear export became the ratelimiting step in the assembly process. Budding was measured as the ratio of Gag proteins released into the medium at each time point compared to the amount of Gag synthesized during the pulse-labeling period, with each value expressed as a percentage of wild-type (i.e., Gag.⌬PR) VLP release at the final time point (2.5 h). The Gag.⌬PR protein was rapidly released from the cell, with half-maximal release of the protein after ϳ30 min (Fig. 4) . Particle production peaked at 1.5 h, and budding levels reached a plateau with approximately 40% of the total protein being released from the cell. Mutant ⌬QM1.Gag.⌬PR, which deletes portions of the p2 and p10 domains (excluding the p10 NES), was released with kinetics that were only slightly delayed compared to those of the wildtype protein, consistent with the preservation of functional nuclear export activity. In contrast, the two NES mutants, ⌬p10.52.Gag.⌬PR and L219A.Gag.⌬PR, released far fewer virus particles, and the rate of release was markedly decreased. There was no detectable subpopulation of VLPs that was released with rapid kinetics, although the half-lives of individual Gag molecules could not be assessed. These results support the hypothesis that there is a single population of Gag proteins that is released from the cell subsequent to trafficking through the nucleus.
Conservation of NES sequence and function among infectious avian retroviruses. If the export signal of the Gag   FIG. 3 . Reduced VLP assembly for NES mutant Gag proteins. Transfected cells were labeled for 2.5 h, lysed, and immunoprecipitated with polyclonal antiserum against RSV. The amount of Gag protein released into the culture medium was calculated by phosphorimager analysis following sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and particle release was calculated as the amount of labeled Gag protein in the medium as a percentage of the total labeled Gag protein in the medium plus cell lysates. Percent release for each mutant was normalized to the wild-type Gag-GFP or Gag.⌬PR proteins, as appropriate, which were each assigned a value of 100%. Each bar represents the average of at least three independent experiments. polyprotein is required during the life cycle of RSV, we postulated that the NES sequence might be conserved throughout evolution across a wide variety of related avian retroviruses. Avian sarcoma and leukosis viruses are stable within the genome of a broad range of avian species, revealing an ancient infection and subsequent vertical transmission of the endogenous provirus. When sequenced, these endogenous retroviruses revealed a remarkable conservation of the gag coding sequence. Indeed, highly conserved regions within Gag correspond to the membrane-binding domain, the late domain, and the NES (12) . Based on the conservation of the p10 NES sequence among endogenous avian sarcoma and leukosis viruses, we sought to determine whether the same signal was preserved throughout a diverse group of exogenous avian retroviruses and whether polymorphisms in this region would preserve nuclear export function. Examination of gag genes from the family of alpharetroviruses revealed that the C-terminal p10 region (amino acids 216 to 240) is highly conserved (Fig. 5A) , although the gag genes from the avian spleen necrosis virus, lymphoproliferative disease virus, and avian leukemia virus e26 showed no overall homology throughout the gag region and are not depicted. Of the remaining viruses, 6 of the 13 depicted contain a C-terminal p10 sequence that is identical to that found within the RSV gag gene. Several viruses contained substitution of isoleucine at position 225 for the valine present in RSV. Because isoleucine is a hydrophobic residue that could potentially serve within a classical leucine-rich NES, these sequences might possibly retain nuclear export activity. We tested the ability of this sequence to serve as an NES by converting the valine codon at position 225 in RSV Gag to an isoleucine. We found that the V225I Gag mutant was able to be exported from the nucleus and was localized predominantly to the cytoplasm (Fig. 5B) . As well, export of V225I.Gag-GFP from the nucleus was inhibited by treatment of cells with LMB, indicating that the new export signal remained Crm1 dependent. Therefore, the putative NES motifs present in all infectious avian retroviral p10 sequences examined are in fact functional nuclear export signals.
Sequence analysis also revealed a surprising absence of leucine at positions 222 and 225, considering that classical Crm1-dependent signals are leucine rich. Although we demonstrated that replacement of valine with alanine at position 225 in RSV Gag disrupts nuclear export (Fig. 2 , panels G and H), we asked whether substitution of other hydrophobic residues at this position would preserve nuclear export activity. Conversion of valine to isoleucine (V225I.Gag) or valine to leucine (V225L) did not abrogate NES function or LMB sensitivity (Fig. 5B) . Thus, Val225, while critical for NES function, is tolerant of conversion to other hydrophobic amino acids that can serve within leucine-rich export sequences.
Because substitution of leucine for Val225 was tolerated, we asked whether conversion of both Trp222 and Val225 to leucines, creating an NES comprised entirely of leucine residues, would be functional. Although we expected that the leucine-containing NES would mediate export, the W222L, V225L.Gag protein was unexpectedly trapped in the nucleus (Fig. 5B) . Taken together, these results indicate that residues Trp222 and Val225 are sensitive to substitutions that were predicted to preserve NES function when altered in combination. This finding suggests a crucial role for these residues in maintaining the overall conformation of the Gag polyprotein or in maintaining the local structural integrity of the NES motif and is consistent with the conservation of Trp at position 222 in all avian sequences examined (Fig. 5A) .
Although nearly all of the Gag sequences examined contained valine or isoleucine at position 225 as the only polymorphism within the region homologous to the RSV p10 NES, the avian endogenous retrovirus EAV-HP had substitutions of Val225 to isoleucine as well as Leu229 to valine. Despite the lack of overall conservation between the EAV-HP Gag sequence and the other avian viruses examined, it remained possible that the conservative hydrophobic substitutions at positions 225 and 229 would retain nuclear export function. To test this idea, Leu229 of RSV Gag was changed to valine (L229V.Gag), either individually or in combination with substitution of isoleucine for Val225 (V225I, L229V.Gag). Substitution of Leu-to-Val at position 229, either alone or in combination with Val-to-Ile at 225, abolished export activity (Fig.  5B, L229V .Gag and V225I, L229V.Gag). Treatment with LMB did not further enhance nuclear localization, suggesting that these combinations of hydrophobic residues do not constitute a functional NES in the context of RSV Gag. It is possible that the Gag protein derived from the endogenous retrovirus EAV-HP does not undergo nucleocytoplasmic trafficking. However, we cannot rule out the possibility that this sequence promotes nuclear export in the context of the full-length EAV-HP Gag protein or that a signal elsewhere in the protein is utilized to promote export.
The NES in p10 is positionally independent and transferable. Although our mutational studies identified four hydrophobic residues within p10 that are necessary for export activity, we asked whether this sequence was sufficient to direct nuclear export. To this end, we tested whether the p10 hydrophobic motif would function in an ectopic location within the Gag protein itself. We introduced residues 216 to 234 of p10 into a portion of the MA domain that is otherwise dispensable for RSV replication (39) , replacing residues 86 to 99 of MA with the p10 sequence (MA.NES.Gag-GFP) (Fig. 6A) . This protein localized to the cytoplasm and plasma membrane under steady-state conditions. Importantly, treatment of MA.NES.Gag-GFP with LMB resulted in nuclear trapping of the protein, indicating that introduction of the second NES did not perturb the NLS in MA.
Using a gain-of-function approach, we asked whether the ectopic p10-derived sequence could restore nuclear export activity to a Gag protein with a crippled native NES. To this end, the MA.NES mutant was combined with the L219A knockout of the endogenous NES in p10. The resulting protein, MA.NES/L219A.Gag-GFP, was localized to the cytoplasm (Fig. 6A) , indicating that the extra NES in MA rescued the L219A.Gag mutant from nuclear sequestration. Moreover, MA.NES/L219A.Gag-GFP was sensitive to LMB treatment, so the nuclear import signal in MA remained functional. Finally, to ascertain whether the p10 motif inserted into MA remained dependent on hydrophobic residues, the W222A substitution in the ectopic MA NES was combined with the L219A mutant in the native NES (Fig. 6A) . As expected, the double NES knockout (W222A.MA/L219A.Gag-GFP) was confined to the nucleus in both LMB-treated and untreated cells. Importantly, this set of experiments demonstrated that the p10 NES is both positionally independent within Gag and sufficient to mediate export.
To investigate whether the p10 NES would function in a heterologous protein, residues 216 to 234 were introduced into fibrillarin-GFP (13) (Fig. 6B) . Fibrillarin is normally localized in the nucleus and within nucleoli by virtue of complex nuclear and nucleolar localization signals (51) . Addition of the p10 NES relocated fibrillarin to the cytoplasm and reduced the concentration in nucleoli (Fibrillarin.NES-GFP). Furthermore, treatment with LMB greatly increased the nucleoplasmic and nucleolar pools of Fibrillarin.NES-GFP, indicating that the inserted p10 NES continued to operate through the CRM1 pathway (compare the two center panels in Fig. 6B ). Substitution of L219A in the inserted p10 sequence abrogated the export of fibrillarin, and localization was insensitive to LMB, as anticipated (Fibrillarin.L219A-GFP). Taken together, these results indicate that residues 216 to 234 of p10 constitute an independent and transferable motif that is sufficient for nuclear export in a heterologous system. Identification of nuclear pore proteins that influence Gag export. The discovery of this novel nuclear transport step in the life cycle of RSV allowed us to search for a new set of host proteins that interact with the Gag precursor to facilitate the assembly process. Crm1 is a soluble export receptor which associates with export cargo in the nucleus in complex with the small GTPase Ran. Crm1 serves as an adaptor, mediating the docking to and transport through the nuclear pore (18, 34, 53, 61) . To date, many cofactors for Crm1-dependent export have been suggested. We focused on three nucleoporin proteins, which are components of the nuclear pore complex (NPC). Nup98 and Nup214 play an important role in nuclear export of the HIV Rev protein, which also interacts with Crm1, while Nup153 has a minor role in Rev export (63) . Overexpression of nucleoporin cargo binding motifs, known as NP domains or FG repeat regions, allows them to act as competitive inhibitors of soluble nuclear factors that interact with nucleoporin proteins, thereby interfering with nuclear transport. To determine whether the RSV Gag protein utilized constituents of the NPC for export, the FG repeat regions on Nup98, Nup214, and Nup153 were introduced into the pDsRed.N1 vector (Clontech) and cotransfected with the pGag.FL-GFP plasmid (Fig.  7A) . Fusion of DsRed allowed identification of single cells that were successfully transfected with both the NP domain and Gag-GFP using different excitation wavelengths during confocal microscopy. Coexpression of the NP domain of Nup98 or Nup214 led to a dramatic redistribution of the Gag protein into the nucleus, with a similar but more robust phenotype, as is seen with LMB treatment. In contrast, no alteration in Gag VOL. 79, 2005 DETAILED MAPPING OF THE RSV Gag NES 8737
on October 15, 2017 by guest http://jvi.asm.org/ localization was seen upon expression of the NP domain of Nup153, suggesting that this nucleoporin might not be a significant mediator of Gag nuclear export. To quantitate these effects, cells expressing either NP-DsRed or DsRed alone were scored for localization of Gag.FL-GFP to either exclusively nuclear, exclusively cytosolic, or both nuclear and cytosolic (Fig. 7B ). As shown in Fig. 7B , the wild-type Gag protein is cytoplasmic in 72.7% Ϯ 5.9% of the cells, both nuclear and cytoplasmic in 27.4% Ϯ 5.8% of cells, and not exclusively nuclear in any cells. Upon expression of NP214-DsRed or NP98-DsRed, localization of Gag is dramatically altered, with 76.4% Ϯ 1.5% and 43.3% Ϯ 3.8% of the cells (respectively) showing predominant localization to the nucleus. In contrast, expression of NP153-DsRed did not change Gag localization (Fig. 7A) . These results suggest that in addition to Crm1, Nup214 and Nup98 are important cofactors involved in the export of the RSV Gag protein from the nucleus.
DISCUSSION
We previously reported that the RSV Gag polyprotein traffics through the nucleus of infected cells (49) . Following synthesis in the cytoplasm, Gag is imported into the nucleus, likely through the use of a nuclear import signal within the MA domain. Deletions within the p10 region prevent nuclear export, leading to the accumulation of Gag in the nucleus, suggesting that the presence of an intact p10 domain is necessary for nuclear egress. However, our previous experiments did not discriminate between two possibilities: (i) whether the p10 domain is sufficient to confer export activity to Gag or (ii) whether the p10 deletions interfered with Gag export indirectly, perhaps by perturbing the overall structure of the protein and masking an export signal elsewhere in the Gag protein. In this report, the data demonstrate that specific hydrophobic residues within the p10 sequence are critical for nuclear export, and residues 216 to 234 constitute a positionally independent and transferable NES. The high degree of conservation of p10 NES sequences among a wide range of avian retroviruses suggests that export of Gag through this pathway might be critical for the production of infectious virions. The exogenous avian retroviruses examined had only a single hydrophobic substitution, isoleucine for valine at position 225, which was functional when tested in RSV. The substitutions of hydrophobic residues that failed to confer export activity in the context of RSV Gag either were not naturally occurring or were derived from an endogenous avian retrovirus. Interestingly, substitution of leucine for native hydrophobic residues W222 and V225 was not tolerated in RSV Gag, indicating that other characteristics of the amino acids at these positions are important, perhaps for protein structure. These results raise the possibility that the C-terminal portion of the p10 domain has dual functions: one in the nuclear export of Gag, which is intrinsic to the virus assembly pathway, and the other in maintaining the proper conformation of Gag, as suggested in an in vitro assembly system (4).
The results of these studies have led us to consider the implications of the interaction of Gag with the Crm1 pathway, which is a fundamental nuclear transport system used for the export of RNA-binding proteins and specific subclasses of RNA. Crm1 is the export receptor for rRNA, 5S RNA, U snRNA, and possibly some cellular mRNAs (reviewed in reference 9). The mechanism by which Crm1 serves to export cellular RNAs is likely through its interaction with NES-containing adaptor proteins, including PHAX, which mediates transport of U snRNAs (40) , and NMD3, which exports the 60S ribosomal subunit (54, 57) . The adaptor for the 40S ribosomal subunit is not yet known, although Yrb2 is a candidate for this role (36) . Adaptor proteins that have been proposed to mediate export of some specific mRNAs via the Crm1 pathway include the HuR-pp32-APRIL complex (2), the human nuclear export family member NXF3 (60), a splice variant of Staufen2 (33) , and possibly TRA-1 in Caenorhabditis elegans, although this association has yet to be confirmed (27) .
The first ligand of the Crm1 receptor identified was the HIV-1 Rev protein, which serves as an adaptor for the export of the unspliced viral RNA genome and singly spiced viral mRNA that would otherwise be restricted from leaving the nucleus (18, 53) . Other retroviruses, including human T-cell leukemia virus, feline immunodeficiency virus, and equine infectious anemia virus, also possess Rev-related adaptor proteins that function through the Crm1 export pathway (42, 43) . Many other viruses utilize Crm1-mediated nuclear export to enhance virus replication, often by encoding adaptor proteins that facilitate the cytoplasmic localization of genomic and subgenomic RNAs. For example, influenza virus encodes M1 and NES/NS2 proteins that facilitate export of viral ribonucleoprotein complexes from the nucleus in an LMB-sensitive manner (reviewed in reference 8). A Crm1-dependent posttranscriptional regulatory element in the genome of Woodchuck hepatitis virus is involved in export of intronless viral mRNAs, although the putative cellular factor required for its activity has not yet been found (47) . For herpes simplex virus, it appears that viral transcripts are exported via redundant systems, some of which utilize the Crm1 export factor, with others relying on alternative pathways (52) .
The use of the Crm1 pathway for the export of viral mRNAs and ribonucleoprotein complexes in other viral systems raises the possibility that a similar mechanism may be at work in the life cycle of RSV. The retroviral Gag protein specifically recognizes the unspliced viral RNA genome and selects it for packaging into assembling virions. We have postulated that the RSV Gag protein serves as a Crm1 adaptor protein, perhaps to facilitate export of the genomic RNA for packaging into assembling virions. Rather than serving simply as a substrate for Crm1-dependent export, Gag might serve to bridge the association of the genomic viral RNA between the export receptor and components of the NPC, including Nup98 and Nup214; further experimentation will be needed to test this idea.
We remain mindful that the Crm1-dependent NES in Gag might play other roles in RSV replication or viral pathogenesis that do not directly involve viral RNA transport. As an example of an alternative role for CRM1 in herpesvirus replication, the LMP1 protein encoded by Epstein-Barr virus possesses a Crm1-dependent NES that facilitates export of specific transcription factors to augment cellular transformation, rather than serving as a Crm1 adaptor to enhance the export of viral transcripts (41) . Thus, it will be essential to analyze NES mu- Although we found that residues 216 to 234 in p10 function as an LMB-sensitive NES, it should be mentioned that the spacing of hydrophobic residues in this motif is different from the spacing of leucine residues in typical NESs, like that of HIV-1 Rev. However, there are several Crm1-dependent NESs with atypical spacing and composition, including the NESs of the equine infectious anemia virus and feline immunodeficiency virus Rev-like proteins (42) . An analysis of all experimentally verified leucine-rich NESs revealed that twothirds of the NESs diverged from the consensus of L-x(2,3)-LIVFM-x(2,3)-L-x[L1] and 15% did not conform to either of the two most conserved spacing patterns (29) . Not only do many LMB-dependent NESs deviate from the consensus motif, but they also vary with respect to their binding affinity for the Crm1 export receptor (1, 23) ; indeed, NESs are thought to require a relatively weak interaction with Crm1 to ensure proper dissociation from the receptor and translocation through the nuclear pore (17, 28) . Even though the NES in RSV Gag differs from the consensus sequence, the homologous Gag protein of v-ErbA was reported to bind directly to Crm1 in vitro. Importantly, the single amino acid variation in the v-ErbA Gag p10 NES (V to I) (11) still functions in a Crm1-dependent manner in RSV Gag (V225I, Fig. 5B ). Further experimentation will be needed to determine whether the isolated p10 NES binds directly to Crm1 and the affinity of the interaction as well as whether RSV Gag-Crm1 complexes can be detected in vivo.
Importantly, we have now identified additional constituents of the cellular pathway required for nucleocytoplasmic trafficking activity of the RSV Gag protein. Our data support the involvement of Nup214 and Nup98 in Gag nuclear export, since expression of the dominant-negative form of each of these NPC constituents blocked the reaccumulation of Gag in the cytoplasm. Because these same nucleoporins are integral to the function of the HIV-1 Rev protein (63) and because Rev is also Crm1 dependent, it appears that both RSV Gag and HIV-1 Rev utilize the same soluble export receptor to make contacts with identical components of the NPC. Indeed, several viruses employ direct or indirect interactions with Nup98 or Nup214 to facilitate import of their viral genomes into the nucleus, including adenovirus and HIV-1 (16, 25, 56) , and vesicular stomatitis virus engages Nup98 to manipulate host gene expression (58) . We anticipate that there are additional NPC components and nuclear transport factors that associate with RSV Gag during virus replication. Future experiments using more-informative genetic systems and in vitro nuclear transport assays will be needed to further define the full spectrum of interactions that Gag makes both directly and indirectly with nucleoporins and cellular trafficking pathways.
